I. INTRODUCTION
The first observation of the Rydberg D 2 ⌺ − state of OH was reported by Douglas 1 in 1974, while the first theoretical potential-energy curves of the D 2 ⌺ − and 3 2 ⌺ − states were reported one year earlier by Easson and Price. 2 The Rydberg D 2 ⌺ − and 3 2 ⌺ − states have been studied experimentally [3] [4] [5] and theoretically [6] [7] [8] ever since by various authors. In 1983, van Dishoeck et al. 6 reported the first extensive theoretical description of the D 2 ⌺ − state. The electronic assignments D 2 ⌺ − ͑1 2 3p͒ and 3 2 ⌺ − ͑1 2 4s͒ are discussed in Ref. 7 . The need for a good description of the ϳ10 eV energy region of OH / D for astrophysical applications has long since been recognized [9] [10] [11] and is still relevant today. 12 Recently a sensitive OH / D detection scheme based on the one-photon D 2 ⌺ − ← X 2 ⌸ transition was proposed. 5 The present work was directly motivated by the recent two-photon resonant, resonance enhanced multiphoton ionization ͓͑2+1͒ REMPI͔ experiments performed on rotationally cold, state-selected OH͓X 2 ⌸͑ , J = ͉M J ͉ = ͉⍀͉ =3/2͔͒ radicals by Greenslade et al., which are described in the accompanying paper. 13 We refer to this paper as Paper I. The purpose of our work is to explain why certain transitions were observed, and others not, and to estimate the absolute sensitivity of the experimental method. The lifetimes of the Rydberg 2 ⌺ − states are still only estimated very crudely in various papers. 3, 5 Here, we elucidate the ͑non͒radiative decay mechanisms of the Rydberg 2 ⌺ − states to accurately estimate the lifetimes of these states for OH and OD.
In Sec. II A we describe the calculation of a new set of potential-energy curves and electronic transition dipole moments, computed at the multireference configuration interaction level, for all electronic states up to and including the 3 2 ⌺ − state ͑see Figs. 1 and 2͒. In order to describe the ͑2 +1͒ REMPI spectrum, we derive in Sec. II B a rate model that includes the two-photon excitation, the detection step, and the competition of the detection step with the decay of the excited states. We use second-order perturbation theory ͑Sec. II B 1͒ to estimate the two-photon absorption cross sections and to compare the relative intensities for different vibronic transitions.
Since the experiment is performed on state-selected, aligned molecules, we also derive the equations that relate the two-photon absorption strength to the direction and polarization of the laser beam with respect to the ͑space-fixed͒ quantization axis of the total molecular angular momentum.
Calculating the two-photon absorption cross sections for ͑D ,3͒ 2 ⌺ − ← X 2 ⌸ transitions involves an integral over the nuclear states of the dissociative 1 2 ⌺ − state. In Sec. II B 2 we show how the discrete variable representation-absorbing boundary condition ͑DVR-ABC͒ method of Seideman and Miller 14, 15 and Seideman 16 can be applied to treat this problem numerically. In Sec. II B 3 we discuss the calculation of the decay rates of rovibrational Rydberg ͑D ,3͒
2 ⌺ − states associated with several homogeneous and heterogeneous predissociation processes.
II. THEORY
We describe the wave function in terms of eigenfunctions of the nonrelativistic molecular Hamiltonian Ĥ : a͒ Author to whom correspondence should be addressed. Electronic mail: gerritg@theochem.ru.nl
where Ĥ elec represents the nonrelativistic electronic Hamiltonian in the clamped-nuclei approximation and T nuc is the nuclear kinetic-energy operator, which can be written as the sum of a radial ͑T r ͒ and a rotational part Ĥ rot :
where r is the internuclear distance, is the reduced mass of the system, and R ϵ Ĵ − Ŝ − L describes the nuclear angular momentum operator acting on the polar angle ␤ and the azimuthal angle ␣ of the diatomic axis in the space-fixed frame. The operators Ĵ , Ŝ , and L represent the total angular momentum apart from the nuclear spin, the electronic spin, and the electronic orbital angular momentum, respectively. At low rotational levels, the ⌸ states of OH / D approach the Hund's case ͑a͒ limit, while multiplets of ⌺ symmetry are formally pure Hund's case ͑b͒ states. 17 Since in this work we describe the OH / D molecule at only the lowest rotational levels, we use the pure case ͑a͒ description for ⌸ states and the pure case ͑b͒ description for ⌺ states. Hund's case ͑a͒ and ͑b͒ wave functions of parity p are given by
where J, M J , ⍀, N, ⌳, and S are the usual Hund's case ͑a͒ and ͑b͒ quantum numbers. 18 The nuclear wave functions ͑ v a/b ͒ are labeled with the vibrational quantum number v, which is replaced by the energy E for continuum states. The superscripts ͑a͒ and ͑b͒ represent all case ͑a͒ and case ͑b͒ quantum numbers. States with parity ͑−1͒ J−1/2 and ͑−1͒
J+1/2
are labeled by e and f, respectively. The electronic orbital angular momentum L is not a good quantum number. However, we use ͑L͒ to indicate its value in the atomic limit. We will also use the labels F 1 and F 2 to indicate Hund's case ͑b͒ states with N = J + 
The rotronic Hund's case ͑a͒ and ͑b͒ basis functions are given by
where ͱ ͓N͔ /4D M N ⌳ ͑N͒‫ء‬ ͑␣ , ␤ ,0͒ represents a two-angle normalized Wigner D-matrix and ͓X͔ϵ2X +1.
A. Electronic structure calculations
Ab initio potential-energy curves for the OH X 2 ⌸, 2 2 ⌸, 20 program package at the internally contracted multireference configuration interaction ͑MRCI͒ with single and double excitations 21, 22 level. The molecular orbitals are obtained from state-averaged complete active space self-consistent field ͑SA-CASSCF͒ calculations. 23, 24 We also computed the the Breit-Pauli 25 spin-orbit coupling and L ± matrix elements and the r-dependent electronic transition dipole moments at the SA-CASSCF+ MRCI level. Details of the ab initio calculations are given in Table I . All ab initio points are interpolated using cubic splines. To improve our ability to predict the position of unobserved vibrational levels, we also apply a linear scaling of the form The one-electron basis sets are of the ͑doubly͒ augmented correlationconsistent polarized valence triple-zeta, 5-zeta, or 6-zeta ͓͑d͒aV͑T,5,6͒Z͔ type ͑Ref. 52͒. For the spin-orbit and L ± matrix elements uncontracted basis sets are used. The active space used in the SA-CASSCF calculation: n means that the 2 − n orbitals are included ͑the 1 orbital is kept doubly occupied in all calculations͒ and n means that the 1 x,y − n x,y orbitals were used. 
B. "2+1… REMPI
The use of rate models to describe the production and detection of ions in resonant multiphoton ionization processes is well established. [28] [29] [30] [31] [32] The ͑2+1͒ REMPI process as described in Paper I may be summarized schematically as follows:
͑10͒
The state-selected OH molecule is first two-photon excited at rate k 1 , after which it is either ionized ͑rate k 2 ͒ with a third photon and detected as OH + or it decays ͑rate k 3 ͒ and the molecule is lost for detection. The rate coefficients in s −1 are given by
where ͑2͒ is the generalized two-photon absorption cross section in cm 4 s, I is the laser intensity in W / cm 2 , is the laser angular frequency in s −1 , ion is the excited-state ionization cross section in cm 2 , and OH * is the lifetime of the excited state in seconds. The coherence factor g ͑2͒ for twophoton absorption is 1 if the molecule is excited with coherent light and 2 for chaotic light. 33, 34 We employ two extreme cases of this model to estimate the two-photon absorption strength. In the first extreme detection is very efficient, so we have k 2 ӷ k 3 and the number of detected OH + molecules ͓OH + ͔ ϰ k 1 . In the other extreme, decay is faster than detection and we have ͓OH
We assume a constant measurement time for all observations and an abundance of OH molecules in the molecular beam such that no saturation occurs. In the case of fast ionization, we obtain
and in the case of fast decay
where ͑2͒ is the integrated line cross section for two-photon absorption:
Two-photon absorption
The generalized two-photon absorption cross section fi
͑2͒
in rationalized mks ͑Ref. 36͒ units is given by 33 ,34,37,38
where is the excitation angular frequency, ␣ is the finestructure constant, and e is the elementary charge. Labels i and f indicate initial and final quantum numbers v, ⍀, L, ⌳, S, and ⌺ for a Hund's case ͑a͒ function and v, N, L, ⌳, and S for a Hund's case ͑b͒ function. Here, we suppress the parity label p. The two-photon line strength S ͑2͒ is given by
where E ph = ប is the one-photon energy. The complete set of intermediate states E includes both continuum ͑dissociative͒ states and discrete ͑bound͒ states. The symbol X E signifies the integration over the continuum intermediate states and a summation over the discrete intermediate states. We take the propagation direction of the molecular beam as the spacefixed z axis. The laser polarization and the electronic dipole operator are defined in this frame. The spherical components of are given by
where ͑ , , ͒ are the zyz-Euler angles of the laser frame with respect to the space-fixed frame and is the polarization vector in the laser frame. Applying the Wigner-Eckart theorem 18 and recoupling the angular momenta, we rewrite Eq. ͑18͒ as follows:
͑20͒
where E ͑k͒ = ͓ ͔ ͑k͒ is the two-photon polarization tensor. 18 Since the X 2 ⌸ ground state approaches the Hund's case ͑a͒ limit, we need both the reduced matrix elements for a Hund's case ͑b͒ ← ͑a͒ transition as well as the reduced matrix element for a Hund's case ͑b͒ ← ͑b͒ transition. The Hund's case ͑b͒ ← ͑a͒ reduced matrix element reads
while the Hund's case ͑b͒ ← ͑b͒ reduced matrix element is given by
The body-fixed dipole operator d is implicitly defined by
Since the experiments described in Paper I are performed on rotationally cold molecules, we neglect rotational effects on the radial wave functions in the calculation of the two-photon transition strengths. The dominant terms in the coherent sum are the states which are ͑nearly͒ resonant with the one-photon energy, so we estimate the relative twophoton line strength by taking into account the electronic states computed in this work. The optically allowed intermediate states are the 
− symmetry, so the cross section factorizes in a radial factor fi ͑2͒ and a dimensionless angular factor S:
where fi ͑2͒ ͑͒ is found from Eqs. ͑17͒-͑23͒:
where we added the vibrational quantum numbers for clarity. The summation is over the vibrational levels of the 3 2 ⌺ − state for transition to the D 2 ⌺ − state and vice versa, and the integration is over the 1 2 ⌺ − nuclear continuum. The angular factor for a Hund's case ͑b͒ ← ͑b͒ ← ͑a͒ two-photon transition can be written as
Numerical treatment
The bound-state nuclear wave functions are represented on a grid using the sinc-function discrete variable representation ͑sinc-DVR͒. 39, 40 The contributions of the optically active bound intermediate states to the two-photon transitions are computed using the relevant transition dipole moments depicted in Fig. 2 
where Ĝ is the Green operator, E * = E ph + E i Љ , and we used ͑neglecting spin-orbit coupling͒
The Green operator can be represented on a grid when we impose absorbing boundary conditions. [14] [15] [16] This is achieved by augmenting the potential V 1 2 ⌺ − with a negative imaginary potential, which is equivalent to replacing / 2 by an r-dependent function. Here, we choose the Woods-Saxon potential as a functional form:
where and R max are parameters to be adjusted so that the artificial potential does not penetrate the physically relevant region, while is adjusted so that no significant reflection off the imaginary potential takes place. In this work this is accomplished by setting = 0.2E h , R max =12a 0 , and = 0.4a 0 .
Decay processes
The 
where the summation runs over all permitted rotronic B 2 ⌺ + , 2 2 ⌸, and 1 4 ⌸ states. The calculation of the spin-orbit matrix elements ͗f͉Ĥ so ͉i͘ is described in Sec. II A. These matrix elements are computed near the crossing of the two adiabatic Born-Oppenheimer potentials and are assumed constant. The spin-orbit coupling couples the Rydberg states with both the 1
Since the 2 ⌺ − and the 2 2 ⌸ Rydberg states dissociate adiabatically into different atomic limits, L ± -type couplings between these states are asymptotically zero. However, in the bound region, the L ± operator has nonzero matrix elements so that spin-electronic and gyroscopic coupling contribute to the decay of the Rydberg 2 ⌺ − states through the 2 2 ⌸ state. Calculation of these matrix elements is described in Sec. II A. We take the matrix elements constant and compute them at a single point near the crossing of two states.
In order to accurately compute the bound state and dissociative wave functions, the adiabatic potential-energy curves are augmented with the relevant centrifugal terms for Hund's case ͑a͒ or ͑b͒. 41 Bound-state wave functions are computed with the sinc-DVR method 39, 40 and energynormalized dissociative wave functions are computed with the renormalized Numerov method with photodissociation boundary conditions. 42 The total lifetime is given by −1 = r −1 + so −1 + se −1 + gy −1 , where se and gy are the lifetimes associated with spinelectronic and gyroscopic predissociation.
III. RESULTS AND DISCUSSION
A. Electronic structure Figure 1 depicts the potential-energy curves computed in this work. The quality of the ground-state curve is tested by comparing vibrational levels G v and rotational constants B v with recent experimental values by Colin et al. 43 and Mélen et al. 44 We find errors in G v which are Ͻ0.1% for v = 0 , . . . , 5 and errors Ͻ0.2% for v = 6 , . . . , 10 Apart from these two, the 1 4 ⌸ potential-energy curve also crosses with the ͑D ,3͒ 2 ⌺ − curves, which yields an extra predissociation process driven by spin-orbit coupling. Figure 2 shows the r-dependent electronic transition dipole moments calculated in this work. The transition moments were obtained in separate calculations. We took care to have consistent relative signs, since this is essential in the calculation of the two-photon absorption strength ͓Eq. ͑24͔͒. 
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The most prominent feature in the structure of the transition moments that connect D 2 ⌺ − and 3 2 ⌺ − states with other states or with each other are the drastic changes around r = 1.5a 0 -3a 0 .
Inspection of the coefficients of the most important configurations in the configuration-interaction ͑CI͒ wave functions shows that the electronic structure of the X 2 ⌸ and 1 2 ⌺ − states do not vary significantly. However, the Rydberg 2 ⌺ − states show a profound structure change. Up to r = 1.5a 0 , the D 2 ⌺ − state is mainly described as a ͉ x y 5 ͉ configuration. From 1.5a 0 to 2.0a 0 the contribution of the ͉ x y 5 ͉ configuration decreases sharply to about 50% of the initial value, while the contribution of the ͉ x y 6 ͉ configuration rises until it is the most important contribution, and the second most important contribution comes from the ͉ x y 6͉ + ͉ x y 6͉ linear combination. For interatomic distances larger than 2a 0 the situation reverses, and around 3a 0 the D 2 ⌺ − state is again described almost exclusively by the ͉ x y 5 ͉ configuration. From 4a 0 to 6a 0 the coefficient of this configuration drops to zero and the doubly excited ͉3 x y 4 5 ͉ and ͉3 x y 4 6 ͉ configurations become the most important.
In the short range ͑1a 0 -1.5a 0 ͒, the 3 2 ⌺ − state is almost completely described by the ͉ x y 6 ͉ configuration. The importance of this contribution decreases rapidly from 1.5a 0 to 2.0a 0 , while the ͉ x y 5 ͉ and ͉ x y 5͉ + ͉ x y 5͉ configurations rise in importance. From 2a 0 to 3.5a 0 , the contribution of ͉ x y 6 ͉ increases, while the contribution of the ͉ x y 6 ͉ configuration decreases. At 3.5a 0 the 3 2 ⌺ − state is described for ϳ60% by the ͉ x y 6 ͉ configuration and for ϳ15% by the ͉ x y 5͉ + ͉ x y 5 ͉ configuration. From 3.5a 0 to 6a 0 the ͉ x y 5 ͉ contribution increases at the cost of the ͉ x y 6 ͉ configuration until it is slightly more important ͑35% against 30%͒.
All potential-energy curves and transition dipole moments are made available through EPAPS.
46
B. "2+1… REMPI spectra Figures 3 and 4 show the simulated and observed two-photon spectra for the 47 Theoretically predicted transitions which lie outside of the scanned regions are indicated with curly brackets ͕Ј , Љ͖. In a previous combined experimental and theoretical study, where OH / D was produced in a similar way, we estimated the vibrational temperature to be around 1700 K, 48 so the spectrum is simulated at that temperature. The spectrum was simulated under the assumption that the experimental circumstances were constant throughout the spectrum. However, this is certainly not the case due to experimental difficulties such as deterioration of the dyes during measurement, the use of different dyes, variations in OH production and its vibrational temperature, and variations in the alignment of the molecular beam with respect to the excitation laser. 13, 47 This means that the relative experimental line strengths are order-of-magnitude estimates at best, so we only compare the line strengths locally. That is, we compare line strengths of transitions that are close in energy since we expect the effect of variations in experimental circumstances to be less important over short energy intervals.
We see in Fig. 3 that the calculated line strengths follow the trends in the observed line strengths very well. For instance, the observed increasing line strength for the 4͒ we see similar results: both extremes predict local trends equally well, and we also find that unobserved transitions in scanned regions have much lower cross sections than observed ones.
In Table III we give the rotronic line strength factors S
,f͒ transitions. In the experimental setup ͑see Paper I͒, a vertically polarized laser beam was put at a 90°angle with the molecular-beam axis so we have ͑ , , ͒ = ͑0, /2,0͒ ͓see Eqs. ͑19͒-͑25͔͒. Furthermore, molecules were aligned with ͉M J Љ ͉ =3/2 and we sum over M J Ј states. We obtain an intensity ratio for the
2 . This is in good agreement with the experimentally observed ratios ͑based on the peak surface areas͒, which we estimated from Figs. 3 and 5 in Paper I ͑Ref. 13͒ to be between about 2 and 4. Figure 5 Tables IV and V we compare lifetimes of the Rydberg 2 ⌺ − ͑JЉ =3/2,F 1 ͒ states associated with several decay processes. In order to facilitate comparison with future experiments, we report predissociation and radiative lifetimes separately, and we distinguish the lifetime associated with heterogeneous processes, he = gy , and that with homogeneous processes, ho −1 = so −1 + se −1 . As first conjectured by van Dishoeck and Dalgarno, 45 we find that predissociation is indeed the most important linebroadening effect. The D 2 ⌺ − state predissociates mainly by spin-orbit coupling with the 2 2 ⌸ and 1 4 ⌸ states. Heterogeneous processes are less important at these low rotational levels. The L ± coupling matrix element is about 1 -2 cm −1 in the bound region and thus contributes less than the spin-orbit coupling matrix elements which are about twice as large ͑see 5 reported an 8-ns upper limit based on the experimental laser-pulse duration. De Beer et al. 3 "roughly estimate" the lower lifetime limit to be 5 ϫ 10 
C. Lifetimes

IV. SUMMARY AND CONCLUSIONS
We computed a new set of high-quality potential-energy curves for OH / D, up to and including the Rydberg 3 2 ⌺ − state. Vibrational energy splittings and rotational constants for the D 2 ⌺ − and 3 2 ⌺ − states based on these ab initio potentials show excellent agreement with experiment. The agreement is improved after a minor scaling of the potentials. We also report the vibrational constants G v and rotational constants B v for a set of unobserved levels and for the OD isotope. A new set of transition dipole moments for the doublet states of OH / D was computed and used in a calculation of the observed ͑2+1͒ REMPI spectra reported in Paper I. To obtain the spectra, we include the effect of the 1 2 ⌺ − intermediate state by using the Seideman-Miller discrete variable representation-absorbing boundary condition method, which was originally derived for scattering and photodissociation calculations. The reason some transitions were scanned but not observed is that the two-photon cross section of these transitions is much lower than those of the observed transitions. Furthermore, relations were derived for the relative line strengths for aligned molecules at different experimental geometries and a good numerical agreement with experiment is obtained. We compute the radiative and predissociative lifetimes of the Rydberg ͑D ,3͒ 2 ⌺ − states including the effect of spin-orbit coupling and spin-electronic and gyroscopic predissociations. We find that predissociation occurs much faster than radiation, and we find the total lifetime of the D 2 ⌺ − ͑v =1,J =3/2,F 1 ͒ state to be 102.4 ps, which lies in between currently known experimental limits. 
